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ABSTRACT Effects of volatile odors from leek, Allium porum L., on the behavior of bean ßy,
Ophiomyia phaseoli (Tryon) (Diptera: Agromyzidae), were tested in laboratory olfactometer bioas-
says. Aqueous and solvent extracts (dichloromethane and methanol) of leek were repellent to adult
ßies. Whole leek plants were repellent and prevented attraction to the host plant, beans. Beans that
had been exposed to volatiles from living leek plants for 7 d became repellent to the ßy. Leek and
several other crops were tested in Þeld experiments to identify candidate crops for a mixed cropping
system to minimize bean ßy attack in beans, Phaseolus vulgaris L. In a wet season Þeld experiment,
mixed cropping of bean with leek or three other vegetable crops did not signiÞcantly reduce bean ßy
infestationorinfectionwithFusariumoxysporumSchltdl.comparedwithamonocrop,butsigniÞcantly
reduced plant death caused by both agents combined. In two dry season Þeld experiments, mixed
croppingofbeanswithleeksigniÞcantlyreducedadultbeanßysettling,emergence,anddeathofbean
plants compared with a mono crop. Bean yield per row was 150% higher for the mixed crop, and
economic returns were approximately Sri Lankan Rs. 180,000/ha, higher than for the mono crop. For
the mono crop, the farmer had a monetary loss, which would become a small proÞt only if the costs
of family labor are excluded. The study is an example of the Þrst steps toward development of
sustainable plant protection in a subsistence system.
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Bean ßy, Ophiomyia phaseoli (Tryon) (Diptera: Agro-
myzidae), is a stem-boring ßy that attacks economi-
cally important legume crops including beans, soy-
beans, snap beans, and cowpea in tropical and
subtropical regions of the world. Eggs are laid on the
upper side of leaves, and the larva mines toward the
lower parts of the stem. Attack is usually more severe
during the seedling stage of the crop and generally
leads to plant death, whereas older plants are also
attacked but tend to tolerate the damage (Talekar
1990). In wet regions or seasons, attack by bean ßy
may be associated with increased plant infection by
the fungal pathogen Fusarium oxysporum Schltdl., and
the two are sometimes regarded as a single plant mor-
tality agent (Singh and Yadav 2002).
Bean ßy control is mostly dependent on pesticides,
applied as seed dressing or foliar sprays (Anon 1997).
Cultural control methods, such as avoidance of culti-
vation during high populations, mulching with cut
weeds or straw, earthing up soil in ridges around the
base of the plants, and crop rotation have also been
recommended(SubasingheandAmarasena1983).At-
tempts to control the pest using resistant varieties
(Singhetal.1998)andbiologicalcontrol(Waterhouse
1998, Kudagamage 1998) have only been partially suc-
cessful. A recent survey of Sri Lankan farmers showed
they rely heavily on pesticides for controlling pests,
especially in vegetable crops (Glinwood et al. 2008),
and favor conventional broad spectrum agents be-
cause of their comparatively low price, wide availabil-
ity, and persuasive marketing. Furthermore, most of
the farmers surveyed did not follow safety guidelines,
and threats both to human health and to the environ-
ment are increasing among the farming community.
These hazards, and other problems associated with
pesticide use, mean there is an urgent need for eco-
logical pest management.
Mixed-species cropping can increase on-farm pro-
ductivity,improvesoilfertility,andsuppressespestsor
diseases (Matteson et al. 1984, Vandermeer 1989, Mo-
rales 2002, Sharma and Ram 2004), and selection of
suitable crop combinations is the main criterion for
establishing a viable mixed cropping system. Sound
knowledge of the chemical interactions between
plants and insects is needed to develop suitable crop
combinations that minimize pest infestations. Field
studies often give inconsistent results because of vari-
ation in biotic factors (Karel 1991, Letourneau 1995);
therefore, rapid laboratory techniques based on
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plant combinations and elucidating the mechanisms
involved in pest suppression. Existing knowledge can
also be used to target plant groups with proven bio-
logical activity. For example, species of the genus
Allium have shown repellency against a wide range of
arthropods including moths (Landolt et al. 1999),
cockroaches (Schefßer and Dombrowski 1993), spider
mites (Dabrowski and Seredynska 2007), and aphids
(Amarawardana et al. 2007). Some of the thiosulÞnates
present in Allium species have shown biological activity
against insects (Bayer et al. 1989, Wagner et al. 1990,
Sendl et al. 1992). Propane thiosulÞnates released by
damaged leek were found to be attractive to leek moth,
Acrolepiopsis assectella (Zeller), which uses leek as a
host, but repellent to Ephestia kuehniella Zeller, which
does not (Rouz and Thibout 1988, Auger et al. 1989).
However, when selecting candidate crops for mixed
cropping, care must be taken to ensure that the system
gives a satisfactory economic return compared with that
of the mono crop.
The aim of this study was to test the potential of
mixed cropping as an ecological bean ßy management
method for small scale farmers in Sri Lanka. The ap-
proach taken was to investigate the possible interfer-
ence of nonhost crop plant volatiles on olfactometric
orientation of the ßy in the laboratory, followed by
mixed cropping with promising plants in Þeld trials.
Materials and Methods
Insects and Plants. Bean ßy cultures for laboratory
experiments were initiated at HORDI, Peradeniya, Sri
Lanka, and SLU, Uppsala, Sweden, using pupae col-
lected from infested bean Phaseolus vulgaris L. plants
at Peradeniya. Cultures on potted bean seedlings
(cultivar KWG) were maintained under prevailing
environmental conditions in glass houses at HORDI
(temperature 26-32C, 12:12-h L:D natural light)
and under controlled conditions in a glasshouse at
SLU (temperature 22-25C, 12:12-h L:D maintained
with growth lamps). Plants used in experiments
were grown under the same conditions as bean ßy
cultures but in separate glasshouse chambers.
Plant Extracts. Extracts of leek, Allium porrum (va-
riety: large long summer, Holland), were prepared
using dichloromethane and methanol as solvents. Ma-
terial from dried whole plants (120 g) was ground to
powderusingamechanicalgrinderandextractedwith
dichloromethane (700 ml) for two consecutive 24-h
periods in a reciprocal shaker. Solvents in the Þltrate
were removed in a vacuum rotary evaporator at 40C
to obtain the dichloromethane extract (1.2 g). The
residue was re-extracted with methanol (700 ml) us-
ing the same procedure as above to obtain the meth-
anol extract (7.5 g).
Exposure of Bean Plants to Volatiles From Neigh-
boring Leek Plants. Exposure of bean plants to vola-
tiles from living, whole leek plants was made using
clear Perspex exposure cages (Pettersson et al. 1999,
Glinwoodetal.2004),dividedintotwoseparatecham-
bers (each 10 by 10 by 40 cm), connected by an
opening (7 cm diameter) in the dividing wall. Air
entered the forward chamber through an opening in
the cage wall (7 cm diameter) and passed over a leek
plantbeforeenteringtherearchambercontainingthe
bean plant to be exposed, from where it was extracted
through a tube attached to a vacuum tank and vented
outside the room by an electric fan. Pots were placed
in petri dishes to prevent interaction through roots
andwateredthroughanautomatedwaterdropsystem,
with a single 2-min delivery occurring daily at 0800
hours (2 h into the photophase) that delivered a total
of 35 ml to each pot.
In each separate exposure cage, a pot containing a
single bean plant was exposed to a single leek plant.
Fiveorsixsuchcageswereused,andanequalnumber
of cages with beans but without leek plants were used
as controls. Control and treatment cages were placed
alternately on a bench in a glasshouse at 18-22C, with
a L-12:D-12 light cycle. Bean plants were exposed to
leeks for a period of 7 d and offered as a stimulus in
olfactometer bioassays.
OlfactometerBioassays.Initialolfactometerscreen-
ing at HORDI (K.A.N.P.B., unpublished data) had
indicated that leek, brinjal, Solanum macrocarpan L.,
and kankun, Ipomoea aquatica Forsk., plants were re-
pellent to adult bean ßies. After considering the avail-
ability and economic value of these as crops and the
resultsofinitialÞeldtests,leekwasselectedforfurther
laboratory study
Afour-armolfactometer(Glinwoodetal.2004)was
used to test bean ßy responses to plant odor sources.
It consisted of an enclosed Perspex arena (12 cm
diameter) with a central chamber and four side arms.
Air was drawn from the center of the olfactometer
using a water-driven vacuum pump, establishing dis-
crete air currents in the side arms (air ßow was 180
ml/min). The odor source was introduced to one of
the side arms as a leaf in a glass tube, chemical in a
microcapillary tube held inside a 5-ml plastic syringe,
or a potted plant(s) in a Perspex exposure cage (de-
scribed above), connected to one side arm of the
olfactometer with Teßon tubing; the remaining three
arms serving as controls. All olfactometer arms con-
tainedmoistÞlterpapertocompensatefordifferences
in humidity.
Dichloromethane and methanol extracts of leek
were introduced in a microcapillary tube as 2 lo f
50,000 ppm in acetone and aqueous extract of leek as
2l of the extract (10 g/5 ml water). Whole, live bean
plants were sprayed with a 50,000-ppm solution of
dichloromethane extract of leek (1 g extract dissolved
in 2 ml acetone, 0.5 ml Teepol, made up to 50 ml with
water) until run off using an atomizer, and allowed to
dry before placed into a Perspex exposure cage. Con-
trol plants were sprayed with a similar amount of the
above solution, lacking leek extract.
Experiments were carried out between 0900 and
1300hoursinalaboratoryatatemperatureof202C,
with a 40-W incandescent bulb 50 cm above the ol-
factometers. One bean ßy adult was introduced into
the olfactometer, and its position was recorded every
3 min for 30 min. If an insect did not move between
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replicate was discarded and a new one started with a
fresh insect. The observation frequency method has
been used to show attraction and repellence in a
variety of insects (Glinwood and Pettersson 2000,
Glinwood et al. 2003, Ninkovic and Pettersson 2003)
and gives a reliable measure irrespective of whether
the behavior is characterized by frequent short visits
or few long visits in the olfactometer arm. Before
experiments, preliminary studies showed that the
movementandbehaviorofO.phaseolimadeitsuitable
for the use of this method.
Beanßiesusedintheexperimentswereone-dayold
adults, which were isolated from the host plant 30 min
before use. When both sexes were tested, equal num-
bers of males and females were used in all experi-
ments. Each experiment was replicated 15-32 times
using a fresh adult ßy for each replicate. The number
of visits to the odor-treated arm was compared with
the mean of control arms using a Wilcoxon matched
pairs test in the Statistica statistical package (StatSoft,
Tulsa, OK).
For tests of combined volatiles, bean plants were
contained in separate cages to leek plants, and the
Teßon air intake lines to the olfactometer combined
using a T-connector before connection to the olfac-
tometer. To obtain oviposited/feeding damaged bean
plants, potted beans were exposed to one pair (male
andfemale)ofbeanßiesfor24h.Oviposition/feeding
punctures were noted on the exposed plants before
use.
Field Experiments. Based on preliminary olfactom-
eter tests (not reported), three crop plants that
showed repellent effects to bean ßy (leek, brinjal, and
kankun) and one that showed no effect (red onion,
Allium cepa L.) were selected for Þeld trials of mixed
cropping with beans (wet season Þeld experiment 1;
November 2003 to March 2004). Based on the results,
the most promising intercrop, leek, was subsequently
tested in two further dry season Þeld experiments
(Þeld experiments 2 and 3: MayÐSeptember 2005 and
2007, respectively).
Field Experiment 1. The experiment was carried
out at HORDI, Sri Lanka (8036 E and 716 N) from
November 2003 to March 2004, which is a wet season
in this region. The experiment was arranged in a ran-
domizedcompleteblockdesign(RCBD)withsixrep-
licates.Cropswereestablishedinrowswithin4by3-m
plots (Fig. 1A and B), separated by unplanted 0.5-m
borders. In mixed cropping plots, the planting dates of
different crops were adjusted to give sufÞcient foliage
at the time of bean germination. All crops were sown
at the standard spacing recommended by the Sri Lan-
kan Department of Agriculture (DOA). Row spacing
in bean mono crop and mixed plots of bean-kankun,
bean-leek,andbean-redonionwere40cm,with10cm
between plants. In bean-brinjal, the row spacing was
60 cm, with 60 cm between brinjal plants (spacing
between bean plants was still 10 cm). All other agro-
nomic practices were according to DOA recommen-
dations. There were thus Þve treatments: (1) mono
cropped beans (variety: Top crop), (2) beans mixed
with kankun (variety: Thai), (3) beans with brinjal
(variety: Padagoda), (4) beans with leek (variety:
Large long summer), and (5) beans with red onion
(variety: Vaedalum).
The number of adult bean ßies settled on all bean
plants in each plot was recorded at weekly intervals,
starting 5 d after planting bean seeds. Observations
were made on the same day each week between 0700
and 0900 hours, because it has been shown that adult
settling and oviposition peak during early morning
(Talekar 1990). Adult bean ßies were observed on the
upper surfaces of leaves and, because they tended to
walk rather than ßy if disturbed, could be accurately
counted by a careful observer. Dead bean plants were
uprootedontwooccasions(1wkapart)anddissected
for bean ßy infestation and Fusarium oxysporum in-
fection. Bean ßy infestation was scored when pupae
werefoundbeneaththeepidermisofthelowerpartof
the dead stems. Fusarium infection was scored when
decaying of the epidermis, turning it dark brown, was
observed.Samplesofinfestedstemswereincubatedto
conÞrmfungalidentityfromthesporesformed.Stems
with bean ßy pupae were kept separately until the
emergence of adults, and the number of adults emerg-
ing was recorded. To account for differences in the
total number of bean plants in mono crop and mixed
crop plots, experimental observations were converted
to value per row of bean plants.
Fig. 1. Layout of plots in Þeld experiments with mixed cropping of beans and other crops (not to scale): (A) bean mono
crop in experiments 1, 2, and 3, (B) mixed cropping of beans and other crops in Þeld experiment 1, and (C) mixed cropping
of beans and leek in Þeld experiments 2 and 3 (beans within mixed crop rows were removed before harvest). Plot sizes were
4b y3mi nexperiment 1 and 4 by5mi nexperiments 2 and 3.
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out at HORDI, Sri Lanka, 500 m away from the
locationofÞeldexperiment1,fromMaytoSeptember
2005, which is a dry season in this region. The exper-
iment was arranged in a RCBD with 10 replicates.
Crops were established in rows within 4.5 by 5.0-m
plots (Fig. 1A and C), separated by unplanted 0.5-m
borders. Spacing between bean and leek rows was 40
cm, with 10 cm between plants. However, in this trial,
a modiÞcation was made to examine the effect of
bean-leek distance on the protective value of leek. As
such, in the mixed crop plots, bean plants were grown
within the rows of leek, 5 cm away from neighboring
leek plants (Fig. 1C). These bean plants, however,
were manually removed after the experimental ob-
servations had been made (1 mo after sowing) and
before harvesting and are not included in the yield.
There were thus three treatments: (1) beans in mono
crop;(2)mixedcropÑbeans40cmfromleek;and(3)
mixed cropÑbeans 5 cm from leek.
The number of bean ßies settled, pupae in bean
plants, and Fusarium infestation (although Fusarium
was not detected in this Þeld) were determined as
described above for experiment 1. In addition to the
number of bean ßies, the number of parasitoids that
emerged was recorded. Apart from bean ßy, no other
pupae were found inhabiting the stems; therefore, the
two unidentiÞed species of hymenoptera and one un-
identiÞed dipteran that emerged were assumed to be
parasitic on bean ßy. As in experiment 1, observations
were converted to value per row of bean plants.
After harvest, yields data were recorded, and an
economic analysis (Trumble et al. 1994) for each ex-
perimental treatment was carried out to estimate the
relative economic return of the cropping systems to
farmersbasedonwholesalemarketpricesinSriLanka
(beans: Sri Lankan rupees [Rs.] 38.30/kg as of June
2005, leeks: Rs. 37.65/kg as of August 2005) when the
respective harvests were made (Hector Kobbek-
aduwa Agrarian Research and Training Institute, Co-
lombo 7, Sri Lanka).
Field Experiment 3. The experiment was carried
out at HORDI, Sri Lanka, at the same location as Þeld
experiment 2 during the same period in 2007 using the
same methods as for Þeld experiment 2, except that 12
replicates were performed instead of 10. The calcu-
lationsforeconomicreturn(Trumbleetal.1994)were
basedonaveragewholesalemarketpricesforbeansin
June2007(Rs.77.00/kg)andleeksinAugust2007(Rs.
38.50) in Kandy district, Sri Lanka (Hector Kobbek-
aduwa Agrarian Research and Training Institute, Co-
lombo 7, Sri Lanka).
Statistical Analyses of Field Experiments. Data
were not normally distributed; however, after trans-
formationbylogn1(wherenisthedatavalue),they
were deemed acceptable for analysis by analysis of
variance(ANOVA).Repeated-measuresANOVAwas
used to compare measurements of adult settling made
repeatedlyatweeklyintervalsinthesameplotsduring
the experimental period, followed by one-way
ANOVA analysis of adult settlement on each weekly
sample occasion (Ninkovic et al. 2002). Overall, mean
dead plants, adults emerged, and natural enemies
were analyzed by one-way ANOVA. In cases where
ANOVA returned a signiÞcant value of P (0.05), a
Tukey test was applied. Bean yields from bean mono
cropping and mixed cropping were compared using
one-way ANOVA. All statistical analyses were per-
formed using the Statistica statistical package (Stat-
Soft 2005).
Results
Olfactometer Bioassays. Olfactory responses of
adultbeanßiestotheodorsofplantsandplantextracts
arepresentedinTable1.Solventandaqueousextracts
of leek were repellent, and odor of bean plant sprayed
with extract of leek was less preferred than odor of
untreated bean. Odor of bean plant was attractive to
bean ßies, whereas the odor of leek was repellent.
Combined odor of bean and leek was less preferred
compared with the odor of bean plant alone. Odor of
beanplantthathadbeenexposedtovolatilesfromleek
for 7 d was signiÞcantly less preferred than unexposed
bean. Odor of beans that had been previously ovipos-
Table 1. Mean ( SEM) no. of visits made by bean ﬂy adults to odors of extracts, live plants, bean plants exposed to leek volatiles,
or bean plants fed/oviposited by the ﬂy in olfactometer bioassays
Experiment Treatment mean Control mean nZ
a P
a
Bean leaves versus blank 6.59 (3.65) 1.15 (1.92) 32 4.1 0.007
Leek (CH2Cl2) ext. versus blank () 0.40 (1.05) 2.66 (0.93) 15 2.9 0.0001
Leek (CH2Cl2) ext. versus blank () 0.24 (0.43) 2.43 (0.78) 25 4.2 0.0009
Leek (MeOH) ext. versus blank () 0.37 (0.49) 2.75 (0.46) 24 4.2 0.0001
Leek aqueous extract versus blank 0.88 (1.32) 2.27 (0.64) 18 2.7 0.01
Bean sprayed with leek versus bean 0.37 (0.65) 7.68 (2.45) 32 4.8 0.0001
Bean plant versus blank 5.43 (1.79) 1.81 (1.30) 32 4.7 0.0001
Leek plant versus blank 1.31 (0.27) 4.32 (0.54) 16 3.4 0.0007
Leek plant versus bean plant 1.00 (0.22) 6.94 (0.49) 16 3.5 0.0004
Leek  bean plant versus bean plant 0.62 (0.22) 5.69 (0.60) 16 3.4 0.0005
Exp. bean plant versus bean plant 0.75 (0.19) 6.81 (0.34) 16 3.5 0.0004
Oviposited bean plant versus bean () 1.46 (1.58) 5.03 (2.93) 32 4.1 0.0001
Equal numbers of male and female ßies were tested, except where stated in parentheses.
a Wilcoxon matched pairs test.
ext, extract; Exp, exposed (to volatiles from leek).
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than odor of unexposed bean.
Field Experiment 1. Repeated-measures ANOVA
on mean adult settlement per row during the ex-
periment showed no signiÞcant differences be-
tween treatments (ANOVA, F 	 1.73; df 	 4,25; P 	
0.18), signiÞcant differences between sample occa-
sion (ANOVA, F 	 199; df 	 3,75; P  0.0001), but
no signiÞcant treatment 
 sample occasion inter-
action (ANOVA, F 	 1.0; df 	 12,75; P 	 0.42). Adult
settlement on each weekly sampling occasion was
analyzed, and there were no signiÞcant differences
between treatments in week 1 (ANOVA, F	2.1; df 	
4,20; P 	 0.12), week 2 (ANOVA, F 	 1.7; df 	 4,20;
P	0.19),andweek3(ANOVA,F	0.5;df	4,20;P	
0.74). There were signiÞcant differences in week 4
(ANOVA, F 	 3.2; df 	 4,20; P 	 0.03); however, a
Tukey test showed marginal signiÞcance in the dif-
ference between bean mono crop and bean-red onion
(P 	 0.05) and marginal nonsigniÞcance between
bean-kankun and bean-red onion (P 	 0.08).
There were no signiÞcant differences between treat-
ments in terms of number of adults emerging or number
of dead plants with Fusarium (Table 2). The number of
deadplantsinfestedwithbeanßywaslowerinbean-leek
plots compared with the mono crop, but the difference
was not signiÞcant (P 	 0.096). There were signiÞcant
differences between treatments in the total number of
dead plants per row caused by bean ßy and/or Fusarium
(bean wilt complex; (Fig. 2; ANOVA, F	3.8; df 	4,20;
P 	 0.01). The number of dead plants was signiÞcantly
lower in bean-leek plots than in the mono crop (Tukey
test, P 	 0.01).
Field Experiment 2. Repeated-measures ANOVA
on mean adult settlement per row during the ex-
periment showed signiÞcant differences between
treatments(ANOVA,F	726;df	2,27;P0.0001)
and sample occasion (ANOVA, F 	 199; df 	 4,108;
P  0.0001), with a signiÞcant treatment 
 sample
occasion interaction (ANOVA, F 	 31.7; df 	 8,108;
P  0.0001). Settlement in bean-leek 5 cm was
signiÞcantly lower than either bean-leek 40 cm or
Table 2. Infestation levels (means  SEM) of bean ﬂy and F. oxysporum on beans in mono cropping and mixed-cropping with kankun,
leek, brinjal, and red onion in ﬁeld experiment 1
Cropping system Adult settlement
(adults/row)
Dead plants infested
with pupae/ row Adults emerged/row Dead plants infected
with Fusarium/row
Bean mono 3.32 (0.35) 25.46 (2.86) 92.68 (39.7) 25.47 (3.01)
Bean-leek 3.70 (0.37) 13.73 (2.21) 31.05 (4.65) 19.78 (2.75)
Bean-kankun 4.10 (0.44) 20.55 (2.84) 33.55 (8.25) 22.02 (1.95)
Bean-brinjal 3.17 (0.42) 16.67 (3.50) 39.10 (10.8) 21.00 (2.22)
Bean-red onion 4.88 (0.39) 25.45 (4.37) 45.67 (13.4) 23.61 (4.81)
ANOVA F 1.69 2.28 1.56 0.42
ANOVA P 0.19 0.096 0.22 0.79
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Fig. 2. Mean (SEM) number of dead bean plants per row caused by either bean ßy, Ophiomyia phaseoli, and/or wilt,
Fusarium oxysporum (wilt complex), in plots with bean mono crop or mixed cropping in Þeld experiment 1. Bars followed
by different letters are signiÞcantly different (Tukey test).
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ferent from each other (Tukey test; Table 3). Adult
settlement on each sampling occasion and the results of
Tukey tests are shown in Fig. 3. There were signiÞcant
differencesbetweentreatmentsinweek1(ANOVA,F	
45.2; df 	 2,27; P  0.0001), week 2 (ANOVA, F 	 125;
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Fig. 3. Mean (SEM) number of adult bean ßy per row observed to be settled on bean plants in plots with bean mono
crop or mixed cropping at weekly intervals in Þeld experiments 2 and 3. On each week, points followed different letters are
signiÞcantly different (Tukey test).
Table 3. Infestation levels (means  SEM) of bean ﬂy and emergence of bean ﬂy natural enemies in beans in mono cropping and
mixed-cropping with leek (leek plants either 5 or 40 cm away from beans) in ﬁeld experiments 2 and 3
Cropping system Adult settlement
adults/row
Dead plants infected
with pupae/row Adults emerged/row Natural enemies
emerged/row
Field trial 2
Beans 19.2 (1.7) a 4.23 (0.6) a 4.33 (0.8) a 0.22 (0.5) a
Bean-leek 40 cm 15.5 (1.1) a 1.13 (0.2) b 1.11 (0.3) b 0.03 (0.02) b
Bean-leek 5 cm 0.81 (0.2) b 1.21 (0.1) b 1.24 (0.2) b 0.27 (0.1) a
ANOVA F 726 24.14 12.64 3.35
ANOVA P 0.0001 0.0001 0.0001 0.046
Field trial 3
Beans 1.56 (0.09) a 13.5 (1.4) a 12.3 (2.1) a 1.13 (0.35) a
Bean-leek 40 cm 1.16 (0.04) b 7.8 (0.71) b 6.5 (1.2) ab 0.45 (0.19) ab
Bean-leek 5 cm 0.34 (0.04) c 7.5 (0.53) b 5.0 (0.7) b 0.20 (0.07) b
ANOVA F 171 11.1 5.94 3.72
ANOVA P 0.0001 0.0002 0.006 0.03
Means followed by different letters in each column are signiÞcantly different (Tukey test).
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2,27;P0.001),week4(ANOVA,F	196;df	2,27;P
0.0001), and week 5 (ANOVA, F 	 260; df 	 2,27; P 
0.0001). Settlement was always signiÞcantly lower in
bean-leek 5 cm than in the other treatments.
There were signiÞcant differences between treat-
mentsinthenumberofdeadbeanplantsinfestedwith
bean ßy pupae per row (ANOVA, F 	 24.1; df 	 2,27;
P  0.0001); the number of dead plants was signiÞ-
cantly higher in bean mono crop than in the other
treatments (Tukey test; Table 3). There were signif-
icantdifferencesbetweentreatmentsinthenumberof
adult bean ßies emerged per row (ANOVA, F 	 12.6;
df 	 2,27; P 	 0.0001); the number of adults emerged
wassigniÞcantlyhigherinbeanmonocrop,thaninthe
other treatments (Tukey test; Table 3). There were
signiÞcant differences between treatments in the
number of natural enemies emerged per row
(ANOVA, F 	 3.5; df 	 2,27; P 	 0.04); the number of
natural enemies was signiÞcantly lower in bean-leek
40 cm than in the other two treatments (Tukey test;
Table 3).
Meanyieldofbeansperrow(calculatedbydividing
the total bean yield by the number of rows of beans
present) was signiÞcantly higher in bean-leek plots
(ANOVA,F	30.4;df	1,18;P0.0001;Table4).The
economic return (Sri Lankan rupees per hectare; Ta-
ble 4) was almost three times greater from bean-leek
than from the mono crop because of the high market
value of leeks.
Field Experiment 3. Repeated-measures ANOVA
on mean adult settlement per row during the exper-
iment showed signiÞcant differences between treat-
ments (ANOVA, F 	 171; df 	 2,33; P  0.0001) and
sample occasion (ANOVA, F 	 22.1; df 	 5,165; P 
0.0001), with no signiÞcant treatment 
 sample oc-
casion interaction (ANOVA, F 	 1.4; df 	 10,165; P 	
0.21). Settlement in bean-leek 40 cm was signiÞ-
cantly lower than bean mono crop, and settlement
in bean-leek 5 cm was signiÞcantly lower still
(Tukey test; Table 3). Adult settlement on each
sampling occasion and the results of Tukey tests are
shown in Fig. 3. There were signiÞcant differences
between treatments in week 1 (ANOVA, F 	 40.7; df 	
2,33; P  0.0001), week 2 (ANOVA, F 	 9.2; df 	 2,33;
P 	 0.0006), week 3 (ANOVA, F 	 25.5; df 	 2,33; P 
0.0001), week 4 (ANOVA, F 	 19.4; df 	 2,33; P 
0.0001),week5(ANOVA,F	23.3;df	2,33;P0.0001),
and week 6 (ANOVA, F 	 30.8; df 	 2,33; P  0.0001)
Settlement was always signiÞcantly lower in bean-leek 5
cm than in the other treatments.
There were signiÞcant differences between treat-
mentsinthenumberofdeadbeanplantsinfestedwith
bean ßy pupae per row (ANOVA, F 	 11.1; df 	 2,33;
P 	 0.0002); the number of dead plants was signiÞ-
cantly higher in bean mono crop than in the other
treatments (Tukey test; Table 3). There were signif-
icantdifferencesbetweentreatmentsinthenumberof
adult bean ßies emerged per row (ANOVA, F 	 5.90;
df 	 2,33; P 	 0.006); the number of adults emerged
wassigniÞcantlyhigherinbeanmonocropthaninthe
other treatments (Tukey test; Table 3). There were
signiÞcant differences between treatments in the
number of natural enemies emerged per row
(ANOVA, F 	 3.72; df 	 2,33; P 	 0.03); the number
ofnaturalenemieswassigniÞcantlylowerinbean-leek
40 cm than in bean-leek 5 cm (Tukey test; Table 3).
MeanyieldofbeansperrowwassigniÞcantlyhigher
in bean-leek plots (ANOVA, F 	 5.39; df 	 1,22; P 	
0.029; Table 4). The economic return (Sri Lankan
rupees per hectare; Table 4) was higher in the mixed
cropinbothÞeldtrialscomparedwiththemonocrop.
The lower yield of bean in Þeld trial 3 was caused by
the prevalence of bean yellowing syndrome that af-
fected bean yields in the Kandy region and contrib-
uted to higher prices for beans at that time. Affected
bean plants show profuse ßowering but little pod for-
mation. Unlike the Þeld experiment, which was con-
ducted without insecticides, farmers would be able to
reduce the impact of the syndrome, suspected to be
caused by insect toxins, by the use of insecticides.
Discussion
Volatiles from leek can interfere with bean plantÐ
bean ßy interaction, and leeks can protect beans from
thepestwhengrowninmixedcropping.Olfactometry
suggests that the interference mechanism may be re-
lated to repellence of the ßy by nonhost volatiles, and
Þeld data show that the presence of leeks reduces
adult settlement and thereby infestation. An eco-
nomic analysis showed that the bean-leek cropping
system also allows the farmer to increase both bean
yieldsandtheproÞtabilityoftheland.Solventextracts
of leek repelled bean ßy and appeared to disrupt
olfactory orientation when sprayed on the host plant.
Aqueous extracts of leek were also repellent to the ßy.
It may be possible for farmers to prepare crude, aque-
ous extracts of these plants for use as a botanical
repellent/antifeedant; however, this requires further
testing in the laboratory and Þeld, especially with
regard to its economic viability.
Volatiles from leek were repellent to ßies and in-
hibited attraction to bean odor. Electrophysiological
Table 4. Yields (mean  SEM) and economic returns from
bean mono cropping and bean-leek mixed cropping
Cropping system Yield
(kg/plot)
Bean yield
(kg/row)
Income
(Rs/ha)
Field trial 2
Mono crop 4.1 (0.2) 0.58 (0.05) a 69706
Mixed cropÑbeans 2.7 (0.1) 0.90 (0.03) b 45922
Mixed cropÑleek 14.1 (2.1) 235689
Mixed cropÑtotal 16.8 (1.5) 281611
Field trial 3
Mono crop 1.5 (0.2) 0.21 (0.02) a 51282
Mixed cropÑbeans 0.9 (0.1) 0.32 (0.02) b 30800
Mixed cropÑleek 15.2 (0.8) 259836
Mixed cropÑtotal 16.1 (0.8) 290636
Economic returns are calculated based on yields and average mar-
ket prices during 2005 (Þeld trial 2) and in the month of harvest in
2007 (Þeld trial 3).
Means followed by different letters are signiÞcantly different
(ANOVA). Means followed by no letter were not analyzed.
Rs, Sri Lankan rupees.
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ßies can detect a range of volatile compounds associ-
ated with beans but also nonhost plants (Zhao and
Kang2003).Repellencyofbeanplantsexposedtoleek
volatiles for several days can be attributed to two
possible mechanisms. First, leek volatiles may adhere
to the surface of bean plants, and be subsequently
released into the atmosphere, interfering with host
location by the ßy. A second explanation is that the
bean plants changed their chemistry or physiology in
response to exposure to leek volatiles. It has been
shown that plants can become less acceptable to her-
bivores after exposure to undamaged neighbors
(Ninkovic et al. 2002, Glinwood et al. 2004). Either of
these mechanisms, along with direct repellency and
odor masking, would contribute to the beneÞcial ef-
fects of mixed cropping in the Þeld.
However, there are other factors to consider in the
natural environment. Apart from direct competition,
beans and leeks may interact through chemicals, and
this may occur both above and below ground. Labo-
ratoryexperimentsareneededtoassesstowhatextent
these two plants can affect each other through ex-
changeofchemicalsubstances.Furthermore,thepro-
tective effects of leeks in the Þeld may be wholly or
partly caused by disruption of visual cues or crop
architecture (Finch and Collier 2000). Thus, although
there is no direct evidence for volatile repellence or
interference in the Þeld, this study shows the value of
laboratory olfactory screening for selection of inter-
crops.
Bean ßy and Fusarium commonly co-occur in trop-
ical and subtropical regions and are regarded as a
singleplantmortalityagent,describedaswiltcomplex
(Singh and Yadav 2002). Herbivore damage has been
showntofacilitateentryoffungalpathogensintotheir
host plants (Gatch and Munkvold 2002), and herbi-
vores may also vector the pathogen (Sobek and
Munkvold1999).Inthecaseofbeanßy,damageatthe
baseofthestemcausedbylarvaemayprovideanentry
point for Fusarium. In this study, mixed cropping of
bean with leek appeared to signiÞcantly reduce the
overall number of dead bean plants caused by the wilt
complex.
A beneÞcial effect of leeks was more clearly sup-
ported by the two subsequent Þeld experiments,
which gave comparable results. Although adult set-
tlingappearedtobemoregreatlyreducedwhenbeans
were 5 cm from leeks, mixed cropping reduced the
incidence of dead bean plants and the emergence of
adultßiesirrespectiveofplantingdistance.Therefore,
itmaynotbenecessarytogrowbeansandleekscloser
together to achieve repellence. In fact it may be det-
rimental,becauseexperiencehasshownthatwhenthe
two plants are planted at distances of around 5 cm
apart, growth and yield of bean can be retarded
(K.A.N.P.B., unpublished data). These results suggest
that mixed cropping with leek protected beans from
attack by bean ßy. Intercropping with maize has been
found to reduce infestation of Ophiomyia phaseoli in
beans; counts of bean ßy larvae and pupae were sig-
niÞcantly lower in mixed stands than in pure stands,
and increasing densities of plants in general also led to
reduced ßy incidence (Karel 1991).
Mixed cropping with leeks was more effective in
Þeld experiments 2 and 3 than in experiment 1. One
reason may be the differences in climatic conditions.
Experiment1tookplaceduringtheregularwetseason
in this region of Sri Lanka, whereas experiments 2 and
3 took place during the dry season. The damp climate
during experiment 1 favored Fusarium, which itself
may have inßuenced beanÐbean ßy interactions more
strongly than that the presence of leeks. Climatic con-
ditions may directly inßuence the ßy itself, affecting
its host location and acceptance behavior. Thus, it is
possible that the mixed cropping strategy may be ef-
fective only during the dry season. Fly populations
variedinmagnitudebetweentrials,butthisisusualfor
the Kandy region where numbers vary from season to
season depending on weather patterns and the avail-
ability of hosts as determined by farmer cropping
patterns.
Therewasevidenceofreductionintheincidenceof
natural enemies in bean-leek plots. This may be an
indication of a negative impact of mixed cropping on
thenaturalenemiesofthetargetpest.Mixedcropping
can have unpredictable effects on herbivore natural
enemies; it can provide alternative host plants and
refuge that helps to sustain their populations but may
also interfere with host habitat location by specialized
natural enemies (Andow 1991, Landis et al. 2000).
Further study is needed to ascertain whether bean-
leek cropping has a negative impact on other insects
in the system; however, these results show the impor-
tance of considering trophic level effects in mixed-
cropping studies.
AneconomicanalysisofthepotentialbeneÞtsofthe
bean-leek system showed that, although the income
from the sale of beans alone is reduced in mixed
cropping plots, the overall income is much greater
than from mono cropping, because of the higher yield
of leeks. In the Sri Lankan upcountry (the central
region of the country 1,000 m in elevation), farmers
already intercrop leeks with other vegetables. Al-
thoughtheresultssuggestthatitmaybeeconomically
advantageous for the farmer to grow leeks as a mono
crop rather than the mixed crop, demand for leeks is
limitedbecausetheyareconsideredahighvalueniche
product. The intercropping system would allow the
farmer to gain an extra proÞt from this crop while
simultaneously allowing more secure production of
beans, an important component of the diet. Impor-
tantly, protecting beans in this way may reduce the
farmersÕ reliance on insecticides, which will be ben-
eÞcial for their economy and their health.
The cost of cultivation for the respective seasons
was determined using data published by the Sri Lan-
kan Department of Agriculture (Anon 2006, 2008).
The cost of production for the mixed crop was be-
tween 11 and 13% more than that of the mono crop.
This reßects the additional costs of maintaining the
nursery and of transplanting leeks 2 wk before sowing
beans so that the repellent effect is active during the
most susceptible growth stage of bean and of main-
1006 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 102, no. 3taining the plot for a further 2 mo after bean harvest
until leeks are harvested.
The economic analysis showed that the farmer makes
a loss when growing bean as a mono crop, although a
notional proÞt is made because the cost of family labor
is overlooked in the mainly small-scale vegetable culti-
vation in Sri Lanka. The value of family labor was at Sri
Lankan Rs. 39,100 and 41,202 per hectare for the mono
crop and the mixed crop, respectively, in 2005. The Þg-
ures for 2007 are, respectively, Sri Lankan Rs. 55,522 and
58,507perhectare.Ifthesecostsareexcluded,thefarmer
would have made a small proÞt per hectare of Rs. 20,270
on the mono crop during 2005. This became a marginal
proÞt of Rs. 677 in 2007 largely because of the low yields
caused by the prevalence of bean yellowing syndrome
during that season.
Mixed cropping has potential as an ecological control
method for bean ßy. The combination of plants is eco-
nomicallyviablebecausebothcropsgivegoodmonetary
returns to the user, fulÞlling an important requirement
for the success of the mixed cropping approach. Al-
though further study of the optimal species ratios, plant-
ing conditions, and effects of climate are necessary be-
fore the system could be recommended to growers, this
study showed a Þrst step for attaining sustainable pest
control in a subsistence farming system.
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